The passive permeability properties of Rickettsia mooseri to both inorganic and organic solutes have been examined. Visual observations by phase-contrast microscopy of rickettsiae in macerated yolk sacs taken directly from heavily infected eggs revealed plasmolysis with hypertonic NaCl and KCl as well as with sucrose solutions. In contrast, similar visual studies of rickettsiae which had been subjected to freezing or to a purification process, or both, were plasmolyzed by hypertonic sucrose but not by hypertonic NaCl and KC1. These primary observations were extended to a variety of solutes and were placed on a quantitative basis by use of optical density and radioisotope dilution methods. Intracellular Na+ and K+ concentrations in processed rickettsiae, measured by flame photometry, closely paralleled the concentration of these ions in the suspending medium. It was concluded that R. mooseri appears to possess an osmotically active, functional, and structural membrane distinct from the cell wall, located at the surface of a structure analogous to the bacterial protoplast. In the intact organism, this membrane is passively impermeable to sucrose, NaCl, and KCl. However, altered permeability properties, especially to inorganic electrolytes, may be expected in rickettsiae which have been stored in the frozen state and subjected to a lengthy purification process.
The basis for the apparent obligate nature of intracellular parasitism among pathogenic rickettsiae remains unknown. With their relatively complex structural, chemical, and metabolic properties, they resemble small, fastidious bacteria in many ways. Thus, they appear to maintain their mnorphological integrity during growth and multiplication (27) , they appear to oxidize certain substrates through recognized pathways to yield high energy bonds (5, 34) , and they appear to incorporate some amino acids into proteins from special cell-free media (8, 9 include selective passive permeability, stereospecific active transport systems, "pumping" mechanisms, etc. (26) . The present study was undertaken to explore the idea that one point of dependence upon a host cell of a rickettsia might lie in the realm of cell membrane functions; that is, rickettsiae might be deficient in one or more of the cell membrane regulatory functions required for existence as "free-living" organisms. The host-cell membrane could conceivably perform the necessary regulatory functions for parasitic organisms residing within it.
This study leans strongly on the phenomenon of plasmolysis (i) to demonstrate the existence of a functional cell membrane within the cell wall of Rickettsia mooseri (Rickettsia typhi), and (ii) to reveal some of the permeability properties of this membrane. The results indicate that the permeability properties of the rickettsial cell membrane are similar in many respects to the membrane properties of a "free-living" cell like Escherichia coil.
MATERIALS AND MErHODS
PERMEABILITY OF RICKETTSIA MOOSERI was the suspending medium throughout the process. Rickettsiae, recovered from about 70 g of starting yolk sac material, were generally suspended in 5 to 10 ml of SPG at the end of the process. They were employed immediately after final resuspension. Table 1 records some characteristics of the suspensions employed in this study.
Logarithmic-phase Escherichia coli strain B was obtained from Trypticase Soy Broth (BBL) cultures grown for 4 hr (unless stated otherwise) at 37 C on a reciprocal shaker. The standard inoculum was a heavy suspension of stationary-phase cells which had previously been frozen in small samples and stored at -70 C. The sedimented logarithmic-phase cells were resuspended in the desired volume of supernatant culture medium without washing.
Radioisotope procedure. A radioisotope dilution method was devised for measuring plasmolysis of rickettsial and bacterial cells. It depends upon differences in penetration through the cell wall by inulin and sucrose. The technical procedure is described here, and the theory and verification are presented below.
Suspensions (33) .
(Calbiochem, Los Angeles, Calif.). Solutes in various osmolalities were made up in 0.01 M phosphate buffer at pH 7.4, but, in the case of R. mooseri, these test solutions also contained 3 X 10-4 M adenosine triphosphate (ATP), 3 X 10-4 M nicotinamide adenine dinucleotide (NAD), and 2 X 10-3 M MgCl2. The cell suspensions were shaken for 10 min at 35 C, a period of time sufficient, as determined in preliminary experiments, to allow equilibration of the radioisotopic solutes throughout their permeable volumes. The suspensions were then transferred to small preweighed cellulose centrifuge tubes (as above) and centrifuged at 44,000 X g for 30 min at ambient temperature. The supernatant fluids were promptly removed from the tubes, and the pellets and tube walls were swabbed with a series of dry, wet, and dry rolls of paper. The tubes, with their pellets, were weighed to 0.01 mg and packed cell weight was determined by difference. A 0.1-ml amount of a 1:100 dilution of each supernatant fluid was plated on 3-cm planchets for counting in a Nuclear-Chicago gas-flow counter with a Micromil window; the undiluted portion of the supematant fluid was analyzed with a Model G Fiske Osmometer for osmolality. The packed cells were diluted to 2 ml with water. A 0.1-mil amount of cell suspension was plated with a wetting agent (Kodak Photo-flo) for counting at infinite thinness. A total of 10,000 counts was recorded for each plated sample and the counts per minute were corrected for background.
Spectrophotometric procedure. This method was based on the well-known phenomenon of increase in optical density when suspensions of cells, protoplasts, or mitochondria are placed in solutions of increased osmotic pressure (see below). The basis for considering it to be a measure of plasmolysis is presented elsewhere in this paper. The procedure only is described here. To detect plasmolysis by optical-density measurements, 0.1 ml of the freshly prepared cell suspensions (as above) was added to 3 ml of test solution. The cell suspensions were previously adjusted so that this dilution in low osmolality solutions Since the sucrose-permeable volume of the pellet, i.e., all that volume that is outside of the cytoplasmic membranes of the cells, was known, and the electrolyte concentration of the supernatant fluid was known, the K+ and Na+ concentrations of the pellet could be corrected to give the true cytoplasmic concentration of these components.
In the case of the rickettsial packed cells, no specific gravity measurements were made, and no corrections for this factor or for sucrose-permeable space have been applied to the data presented for the rickettsiae. This was not believed necessary, since the results showed comparable intracellular and extracellular levels of Na+ and K+, a situation where the correction for extracellular fluid would be relatively insignificant.
RESULTS
Direct visual demonstration of plasmolysis in Rickettsia mooseri and Escherichia coli. By direct visual examination of the wet films under phasecontrast microscopy, plasmolysis was readily demonstrated with the bacterium, E. coli. Plasmolysis occurred when this organism was suspended in a variety of solutions of inorganic salts and organic compounds, including NaCl, KCI, and sucrose, ranging in tonicity from 0.2 to 0.6 osmolal. Solutions of glycerol, dimethyl sulfoxide, or urea did not produce plasmolysis with this organism. These results are in general agreement with the observations of others on this and other bacteria (20) , and serve to demonstrate the adequacy of the method.
When fresh yolk sacs heavily infected with R. mooseri were taken directly from incubating eggs, ground to a fine homogenate in a mortar without freezing or storage, diluted immediately in the desired solution, and examined under the phasecontrast microscope, plasmolysis was detected with 0.6 osmolal solutions of NaCl, KCI, and sucrose made up in 0.01 M phosphate buffer (pH 7.2). Thus, the behavior of these fresh rickettsiae was similar to that of the E. coli cells.
In contrast, rickettsiae which had been stored in the frozen state at about -70 C, tbawed, and processed through a complex purification procedure exhibited very distinct differences in plasmolysis, and hence permeability, from the fresh organisms. Thus, although plasmolysis was regularly produced by 0.6 osmolal sucrose, no plasmolysis was detected in the presence of 0.6 osmolal NaCl or KCI. The storing and processing of rickettsiae seemed to have caused a differential loss of the cell membrane to regulate the penetration of different solutes into the cell.
These direct visual observations, though only of a qualitative nature, permit the following infer-Quantitative studies ofplasmolysis and cell membrane permeability in purified R. mooseri and E.
coli. Previously, most metabolic studies of rickettsiae have been made with suspensions which have undergone freezing, thawing and purification. The altered permeability of such processed organisms was studied here by quantitative techniques to define more clearly the potential influence which this artifactual cell membrane property might have on the results obtained in such studies and, in turn, on the inferences which might be made about the nature of these organisms. Several different techniques were employed for this purpose.
Detection ofplasmolysis by radioisotope dilution method. Three distinct spaces have been recognized in a centrifuged pellet (11): the intercellular space, an outer cellular space, and a central region (see Fig. 1 ). Different kinds of molecules show differential penetration into the various spaces. Measurement of plasmolysis by the radioisotope dilution method depends upon the differential permeability of cell wall and cytoplasmic membrane to "4C-labeled inulin and sucrose, and the calculation of the desired volumes from the isotope dilution. Two fundamental premises of the method are as follows.
(i) Inulin does not penetrate the cell wall but is otherwise uniformly distributed in the fluid between cells and in the supernatant fluid over the packed cells (11, 15, 17, 32) .
(ii) Sucrose penetrates the cell wall but not the cell membrane. Conway and Downey (11) neither direct visual observation nor optical measurement of either kind of cell plasmolyzed by sucrose indicated deplasmolysis over a period of at least 1 hr. Hence, it is unlikely that sucrose penetrates the cell membrane. There is, of course, the question of what percentage of the cell wall space is actually permeable to sucrose. However, this must be relatively high, considering the good agreement between cell wall space based on isotopic data and that derived from measurements of cell wall thickness as seen in electron micrographs of thin sections.
The possibility of surface adsorption of radioactive inulin or sucrose onto cells could not be categorically excluded, but it is difficult to conceive of how this could be closely correlated with varying osmotic pressures produced by a variety of inorganic and organic solutes.
On the basis of these assumptions, the volume of fluid permeated by sucrose in a pellet would be the sum of the following components: intercellular fluid, cell wall, and space between cell wall and cell membrane (see Fig. 1 (19) .
Despite this potential systematic source of error; the method yielded generally expected results with E. coli (Fig. 2) , i.e., about an equal degree of plasmolysis with hyperosmotic solutions of both salts and sucrose. These results indicate relative impermeability of the bacterial cell membrane to both classes of solutes. In contrast, sucrose, but not KCl or NaCO, plasmolyzed processed R. mooseri (Fig. 3, Table 2 ). This indicated that the rickettsial cell membrane was relatively impermeable to sucrose but was highly permeable to the salts. Regular results showing expected trends were obtained only when the plasmolyzing media were supplemented with MgCl2, ATP, and NAD (see Materials and Methods), substances previously shown to help maintain metabolic integrity of purified rickettsial suspensions (6) .
The cell wall volumes, i.e., the sucrose-14C-permeable cell volume in unplasmolyzed cells, were 20 and 30% of the total cell in R. mooseri and E. coli, respectively. These values agree with cell wall volumes of bacteria reported previously (26) , and with results obtained in other studies in these laboratories with R. mooseri cell walls (Wood and Wisseman, to be published). The space created by maximal plasmolysis in both organisms is about 20% of the total cell volume and about 25% of the cytoplasmic volume. The osmolality of sucrose which caused 50% of the total cytoplasmic shrinkage was 0.2 osmolal (4.5 atm) in the rickettsiae and 0.28 osmolal (6.3 atm) in E. coli. The E. coli figure agrees with the observations of others (20) obtained by different means.
Plasmolysis detected by optical-density measurements. Generally, the capacity to cause optical-density increases was determined with the solutes at 0.05 and 0.6 osmolal concentrations which were assumed to yield negligible and maximal plasmolysis, respectively, with nonpermeating solutes. (Table 3) were treated with the same series of solutes, the same high salt permeability was noted; consequently, this phenomenon cannot be ascribed to the freezing procedure alone. However, these rickettsiae had been subjected to chilling and a lehgthy purification process, factors which affect p .
. , , permeability in bacteria as well (29A31). where 7r is the osmotic pressure of the medium, V is the cytoplasmic volume of the cell, and Vo is that cytoplasmic volume of the cell which does not respond to osmotic influences. The ratio Vo/V will approach unity in a fully plasmolyzed cell.
From the data in Fig. 2 and 3 , Vo/V has been calculated at osmolalities ranging from 0.1 to 0.6. These data represent actual measurements by radioisotopes of cytoplasmic volume as affected by osmotic pressure. The calculation of VO/V involves determination of Vo, which is 100 minus per cent of cell as sucrose-permeable volume at the 0.6 osmolality (fully plasmolyzed cells), and V, which is 100 minus per cent of cell as sucrosepermeable volume at a lower measured osmolality. Table 4 shows Vo/V values for both R. mooseri and E. coli determined in this manner. By use of the equations of Gilby and Few (12) , the optical-density data obtained in typical optical-effects experiments were converted into Vo/V values (Table 4) . A plot of osmolality versus osmolality/optical density gave a straight line, the slope of which multiplied by optical density gave Vol/Vat the osmolality of the optical-density value.
The Vo/V values obtained from the direct measurement of cytoplasmic volume by radioisotopes and by the equations of Gilby and Few (12) agree quite well, thus providing some confirmation of the validity of the latters' assumption, i.e., that the optical density of a protoplast suspension is inversely proportional to the average protoplast volume. Also, the osmotically inactive cytoplasmic volumes of unplasmolyzed R. mooseri and E. coli obtained by both techniques are close to the Vo/V reported by Gilby and Few (12) in which osmotic pressure, Na+, and K+ concentration of the suspending medium and metabolic activity of the rickettsiae were manipulated independently. Results of these experiments, recorded in detail in Table 5 , have been interpreted as follows.
(i) Changes in osmotic pressure per se in the suspending medium of sufficient magnitude to cause plasmolysis, caused by varying the sucrose concentration, did not influence significantly intrarickettsial concentration of Na+ or K+.
(ii) The addition of an oxidizable substrate (glutamate), accompanied by demonstrable oxygen uptake, did not significantly alter the intrarickettsial concentration of Na+ or K+.
(iii) Intrarickettsial concentration and ratio of Na+ and K+ varied with, and closely approximated, that of the suspending medium.
Parallel experiments with E. coli, a bacterium (28) showed that, in contrast to cells in the logarithmic phase, stationary-phase cultures of E. coli tended to lose this ability. This does not negate, however, the importance of freeze-thaw damage as a causative factor in altered cell permeability.
This differential alteration in permeability could account for some of the observations made in various earlier studies on the influence of the electrolyte composition of the suspending medium on metabolic processes in purified rickettsial suspensions (7) (8) (9) . Hence, certain permeability properties of such cells were described in quantitative terms to define more clearly the kind of cell preparation which has been the subject of considerable investigation and from which most of our knowledge of rickettsial metabolism stems. Isotopic analysis of the packed cells in the determination of cellular permeable spaces is a more direct approach, and is inherently more sensitive, than analysis dependent upon measurement of solute concentration of the supernatant fluid. The optical-density method, although a less direct approach to cytoplasmic volume changes, has the advantages of allowing observations over any desired time interval and of being highly conservative of rickettsial material. This latter method has been applied by other workers to whole cells (2-4, 13, 18, 20, 21, 24, 25) and to protoplasts or spheroplasts (1, 12, 20) . The data presented here support the idea that the optical density of a plasmolyzed cell suspension bears an inverse relationship to the cytoplasmic volume, and that the cytoplasmic component of the cell behaves as an osmometer at osmotic pressures above the threshold for plasmolysis. The values obtained from the plasmolyzed cell follow the van't Hoff-Boyle law in a fashion analogous to those obtained from a protoplast (12) . The optical method, however, appears to be influenced by other factors which demand caution in interpretation and require verification with independent methods on different systems. Thus, the small optical effect exhibited by R. mooseri cells in purified suspensions when exposed to salts tural membrane which is distinct from the cell wall and is located at the surface of a structure analogous to the bacterial protoplast. (ii) The cytoplasmic membrane of R. mooseri in cells which had neither been frozen nor subjected to a purification procedure exhibited passive permeability properties similar to certain bacteria, such as E. coli; i.e., they would plasmolyze in the presence of high osmolalities of both inorganic electrolytes and sucrose. (iii) However, when the rickettsiae had been subjected to a purification procedure or had undergone a freeze-thaw cycle, they incurred some degree of cellular damage which caused increased permeability to electrolytes and the loss in ability to control the intracellular level of these substances. (iv) The freezethaw damage to the rickettsial cells was not severe enough to make them passively permeable to certain organic compounds. In earlier studies (14) , however, repeated freeze-thaw cycles did result eventually in a marked increase in permeability to reactants in transaminase studies.
The experimental design employed here to demonstrate passive impermeability is not well suited to the demonstration of active specific membrane transport, but it would appear logical to expect the rickettsiae to possess some membrane-transport mechanisms to overcome the observed passive impermeability.
Previous studies ofrickettsial metabolism where cell permeability factors seem to be involved should be reinterpreted in light of the present findings.
